Arguably one of the most specialised subtopics in porous materials research is that of tissue engineering scaffolds. The porous architecture of these scaffolds is a key variable in determining biological response. However, techniques for characterising these materials tend to vary widely in the literature. There is a need for a set of transferable and effective methods for architectural characterisation. In this review, four key areas of importance are addressed. First, the definition and interpretation of pore size are considered in relation to fluid transport properties, by analogy with filtration research. Second, the definition of interconnectivity is discussed using insight obtained from cement and concrete research. Third, the issue of data scalability is addressed by consideration of percolation theory, as implemented for the study of geological materials. Finally, emerging techniques such as confocal and multiphoton microscopy are discussed. These methods allow the three-dimensional observation of pore strut arrangement, as well holding great potential for understanding changes in pore architecture under dynamic conditions.
Introduction
Tissue engineering is a multidisciplinary field that combines materials science with cell biology and biochemistry in order to resynthesise damaged tissues and organs. 1 In this field, the use of porous scaffolds involves a number of key considerations. Not only must the bulk structure be mechanically stable, but the pore architecture must have an appropriate effect on cell behaviour, as this will determine the characteristics of new tissue produced at a wound site. 2 The end goal of tissue engineering is to replicate and regenerate the tissues of the body. A recognised criterion for this is that a tissue engineering scaffold should mimic the extracellular matrix (ECM) of the regenerating tissue. 3 In order to draw up a meaningful comparison between a scaffold and the ECM, scaffold characterisation is a necessity. The problem is that different techniques are favoured by different research groups, and even within one technique, many different approaches to architectural analysis can be seen in the literature. There is a growing need for standardisation of methods for the characterisation of tissue engineering scaffolds. This paper aims to approach this goal by the elucidation of the existing methods available, not limited to those for tissue engineering scaffold characterisation, but also for porous materials in general. In the first section, entitled 'Unique case of tissue engineering scaffolds', key characterisation methods used in tissue engineering literature are described and their limitations are identified. In the following section, entitled 'Potential interdisciplinary characterisation methods', comparisons are drawn with other applications of porous materials research, in the search for promising approaches to these limitations. The final section, entitled 'Limitations and future directions' examines the potential of these approaches with respect to the specific constraints of the tissue engineering application.
The unique case of tissue engineering scaffolds Specific requirements of tissue engineering scaffolds
Since the porous architecture of a tissue engineering scaffold is often so complex, there is a wide variety of possible parameters that may be used for its description. The most important of these parameters in affecting tissue regeneration will now be introduced.
Porosity is one of the simplest parameters that can describe a porous scaffold. This is defined as the fraction of pore space in the structure and is often over 90% in tissue engineering scaffolds. 1, 4 Pore space can fall into any of three categories, depending on the nature of its connection to the surface of the structure: open, closed or blind ended (Fig. 1) . 5 Whereas cell transport is directly affected only by open porosity, any porosity may influence the transport of oxygen and carbon dioxide, as well as the degradation rate of the scaffold. 5, 6 Total porosity will also affect mechanical stability, which is known to affect the likelihood of scar formation. 7 Implicitly related to porosity is the surface area/volume ratio (SAV). This parameter affects the ability of cells to attach to scaffold pore walls. 8 Moreover, the scaffold SAV will affect the SAV of the resulting tissue. 9 Control of pore size in a tissue engineering scaffold is also vital, since subtle changes can lead to significant effects on cell adhesion. 10 Generally, the ideal pore size depends on cell type and should be large enough to allow cell migration through the structure, but small enough to give a high SAV, enabling cells to bind efficiently to the pore walls. 10, 11 Pore size is often studied in combination with pore interconnectivity. 12, 13 Both can determine the nature of cell movement through a scaffold, for instance whether a cell attaches to one or more walls of a pore, 14 the directionality of cell movement 15 and whether cells move in isolation or as a group. 16 For cell survivability, a pore network has to be optimised for molecular transport, and this is a function of both interconnectivity and permeability. 17 Permeability describes the ease of fluid flow though the pore space and affects cell nutrition, differentiation and pore accessibility. 18, 19 It is therefore capable of influencing tissue formation, by the diffusion of nutrients, waste products and cytokines through the scaffold. 3, 20, 21 Permeability is determined by various other parameters including porosity and the arrangement of pore struts. 22 It can also be affected by scaffold anisotropy. Any anisotropy in the properties of the desired tissue must also be replicated in the pore structure in order to ensure appropriate tissue regrowth. 23 Anisotropy is also able to affect the migration, shape and alignment of cells. 8, 14, 24 It should be noted that changing one property in isolation is often difficult. For instance, variation of pore size is likely also to have effects on the total porosity and SAV, while changing scaffold anisotropy may also affect pore size. 24 The way in which such architectural parameters are related to each other is closely linked to the fabrication technique, and as such, the various techniques commonly used for the fabrication of tissue engineering scaffolds should be briefly studied.
Fabrication: relationship to structure
Broadly, tissue engineering scaffolds are created by one of four processing methods: solvent casting, fibre networking, phase separation and solid free form fabrication. The characteristics of scaffolds formed by each of these processes are summarised in Table 1 .
Fabrication routes for tissue engineering scaffolds are closely related to the choice of material. There are three main classes of material that may be chosen. 15 First, natural polymers, such as collagen and chitosan, are typically chosen due to their similarity with the ECM, although they may have poor mechanical properties in scaffold form. 25, 26 These materials are heat sensitive, so freeze drying is most commonly used to produce porosity, although electrospinning is also possible. 27 Second, synthetic polymers, such as copolymers of poly(glycolic acid) and poly(lactic acid), are also popular as they may be tuned compositionally to give a wide range of properties, with high predictability. 28 These are often thermoplastics, so they can be processed by a wide variety of techniques, commonly by solid free form fabrication. 18 Finally, bioceramics, such as hydroxyapatite and tricalcium phosphate, may also be used due to their similarity to bone mineral. 15 These are commonly incorporated as additives into polymeric scaffolds, since a pure ceramic scaffold suffers from low toughness. 28 Techniques can also be used to produce pure ceramic scaffolds, such as freeze drying, but this requires the use of sintering as a post-processing step. This leads to additional porosity within the scaffold walls, on a smaller scale to the scaffold macroporosity. 29 A combination of fabrication techniques may be desirable, since each is particularly suited to a given range of porosity and pore size. Characterisation methods should therefore be chosen to ensure efficacy at the appropriate length scales for the fabrication High porosity and interconnectivity. Resolution limit of 100 mm.
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techniques used. It is important to realise that two different categories of scaffold may not be suited to characterisation by the same method. 5 The next section will elucidate the various possibilities that may be chosen for scaffold characterisation.
Existing characterisation techniques
As mentioned before, one of the simplest descriptions of a porous material is its porosity. This is also one of the simplest to measure, with techniques including simple measurements of relative density, or the Archimedes method based on liquid displacement. 17, 36 Whereas relative density describes the total porosity of a scaffold, the Archimedes method describes the accessible (open and blind) porosity only. Other methods include porosimetry, in which a liquid (commonly mercury) is intruded into a scaffold, whereupon the pressure required to do so may be converted to a porosity measurement. This technique also measures only accessible porosity and, moreover, is limited in resolution: porosity below the micrometre scale may not be detected by this technique. 37 In order to detect porosity on this scale, gas adsorption onto the scaffold surface must be measured. 36 Using this method, volume and pressure measurements of the gas (commonly nitrogen), along with theory such as the Brunauer-Emmett-Teller equation, are used to calculate surface area and porosity on the nanometre scale. 17, 38 Owing to the indirect nature of the technique, some assumptions about scaffold architecture have to be made if pore sizes are to be interpreted from porosimetry data. 17, 37 The common assumption of cylindrical pores can lead to unrealistic distributions in pore size measurements, with large errors particularly when ink bottle shaped pores are present. 39 Furthermore, mercury intrusion tends to deform soft samples, which can lead to difficulties if it is used for polymer scaffolds. 40 An alternative approach, one which allows direct observation of the scaffold architecture during characterisation, is image analysis. Scaffolds are imaged primarily either by optical microscopy or by scanning electron microscopy (SEM). Porosity may be measured by counting the number of image pixels taken up by pore space. This tends to give slightly lower values of porosity compared with density measurements, due to the limit of resolution of image data. 41, 42 A line intercept method, in which the number of pore/solid interfaces crossing a line of known length is counted, is often used to measure pore size. 6, 43 It must be noted that this provides a measure only of the pore cross-sections seen in a two-dimensional (2D) image. The limitations of image analysis are that the acquisition and processing of images can both be time consuming. Sample preparation is often intense: with dehydration, embedding, sectioning and staining of many slices often required for a representative view of the scaffold. 6, 44 Image analysis may also be used to measure pore strut thickness, but scaffold complexity is usually too great to allow measurements of SAV from a 2D image. 17 Some authors also use SEM images for observations of scaffold anisotropy, but these are rarely quantitative. 45, 46 Alternatively, a three-dimensional (3D) set of images may be obtained by a tomographic technique: most commonly X-ray microcomputed tomography (micro-CT) or magnetic resonance imaging (MRI). These techniques can be advantageous because they are non-destructive and involve no sample deformation in preparation, and can be used to measure SAV, pore volume and connectivity parameters. 37, [47] [48] [49] Magnetic resonance imaging uses the nuclear magnetic resonance signal from a fluid filling the pore space (commonly water) as the source of image contrast. 47, 50 It is powerful in that fluid velocity data may also be obtained to gain an impression of the effect of the scaffold architecture on fluid flow. 21 The disadvantage is that the resolution of MRI is low, limited to ,50 um. 47 Micro-CT, with available resolutions of 1 mm and lower, has therefore emerged as a key technique for analysis of tissue engineering scaffolds. This technique is based on Xray attenuation and is high resolution enough for most tissue engineering applications.
Since tissue engineering scaffolds have such high porosity, pore space is often continuously linked throughout 3D space, and therefore, some method is often used to separate the pore space into discrete volumes. The watershed algorithm is a common method of doing so, and this allows pore volume, sphericity and size of interpore connections to be measured. 13, 48 Skeletonisation of the pore voxels, to the minimum that maintain the connectivity of the pore space, allows the number and size of interpore connections to be measured. 49 Path lengths and tortuosity (ratio of path length/end to end distance) may also be investigated. 51 Interconnectivity of the pore space is sometimes analysed using erode and dilate functions. These functions, when applied to a tomography dataset, remove or add a layer of pore wall voxels to the pore edges respectively and, when used in combination, have the effect of removing pore features below a certain size, as demonstrated in Fig. 2 . 52 This can be an effective method of measuring the sizes of narrow interconnections, as well as their effect on total interconnectivity. 52, 53 Figure 3 compares this approach with a similar form of analysis based on a 'shrink wrap' function. This analysis mirrors the process by which cells will invade the pore space, detecting pore accessibility from the scaffold edges given a certain minimum connection size. 54 Fluid flow techniques may also give measurements of scaffold permeability. The relationship between fluid flow rate through a scaffold and the applied pressure is determined by permeability, as described by Darcy's law. 12 Alternative methods involve calculations based on pore size and geometrical modelling of the scaffold structure, 55 or measurement by spherical indentation tests, 56 but some prior knowledge of the scaffold behaviour is required.
The above serves to provide a summary of the characterisation techniques currently being utilised for tissue engineering scaffolds. However, there are areas of neglect in the interpretation of their results, as well as some scaffold characteristics that are on the whole not sufficiently defined or rigorously measured. The next section will expand upon the most important of these limitations.
Key neglected areas
The first point of note is the discrepancy in the definition of pore size. While many authors favour the linear intercept technique as a means of characterisation, 57 others prefer to measure individual interchannel spacings. 12, 58 The example in Fig. 4 demonstrates how these differing approaches can lead to different interpretations of the term 'pore size'. Additionally, some authors place the emphasis instead on interconnecting pore diameters, as measured using physical techniques. 38, 59 Part of the reason for this discrepancy stems from the lack of standardisation in the definition of interconnectivity. This varies considerably from paper to paper, as shown by the range of possible definitions in Table 2 . Since interconnectivity is acknowledged to be essential for cellular invasion and nutrient flow, 15 it is worrying that there is no established standard for its measurement. In some cases, a qualitative observation of the interpore connections is made from SEM images; in others, the authors conclude that their scaffolds must be interconnected as a result of observed cellular invasion. 63, 64 Attempts at quantitative measurements are equally varied. For instance, Maspero et al. 65 used maximum pore/solid distances as a measurement of interconnectivity. Despite measuring these distances as between only 12?5 and 25 mm (compare this with the suggested interconnect sizes of 80 mm given in the literature), 38 the authors conclude that the interconnectivity of the scaffold studied would be sufficient to allow tissue ingrowth and vasculature, with no test of this hypothesis. Another approach by Lin et al. 60 involved use of a micro-CT dataset to measure the size of the largest connected pore domain, relative to the total pore space. The issue is that this type of measurement will be dependent on the voxel size of the micro-CT dataset. The approach by Moore et al. 52 described in the section on 'Existing characterisation techniques' is a more meaningful alternative, as it describes the proportion of accessible pore space as a function of connection size. This is perhaps the most promising approach of all the different options, although it has an important limitation as will soon be elucidated.
When obtaining 2D or 3D scaffold images, the limited field of view introduces a problem with the scalability of data measured from these images. A simple example would be a 2D image that is smaller than the largest pores in the structure. Clearly, this would lead to an underestimation of pore size in the scaffold as a whole, but is fairly easy to overcome by imaging at more than one magnification. Other scaling problems are more subtle. For instance, an equally valid variation on the measurement technique of Moore et al. 52 was used by Lemon et al., 66 to obtain interconnectivity as a function of connection size. However, in this case, there is a potential problem in the data presented. Lemon the largest connection sizes tested (see Fig. 5 ). The issue here is the location of this accessible porosity, which the authors note to be near the scaffold surface. This means that the observed results will be dependent on the total volume of the 3D dataset, since in a larger volume, the surface porosity will make up a smaller proportion of the total porosity. This will therefore lead to different measured values of percentage interconnectivity depending on the size of the scaffold volume analysed. It is vital that data scalability is considered in extrapolating the measurements made on small scale images to properties that may describe the whole scaffold. The arrangement of the pore struts or walls is a further parameter that must be understood. One way in which pore wall characterisation is well established is in the measurement of pore wall porosity using gas adsorption. However, the effect of an anisotropic arrangement of pore struts on cell behaviour has not yet been adequately characterised. Harley et al. 67 have observed the importance of struts and strut junctions in determining the speed of cellular migration through collagen scaffolds. The focus in the literature is, however, on the characteristics of pore space rather than pore walls, and this approach is likely to be an oversimplification. 15 The main areas of neglect in the characterisation of tissue engineering scaffolds may therefore be summarised by the following four points:
(i) the definition and interpretation of pore size (ii) the definition of interconnectivity (iii) data scalability (iv) measurement of pore strut arrangement. Tissue engineering is far from the only research field that makes use of porous materials. Any field that makes use of such materials must have associated characterisation techniques for materials optimisation. Therefore, it may be that suitable approaches to addressing these key issues lie in other areas of porous materials research. As such, a discussion of the most likely scaffold characterisation techniques from such related areas will now follow.
Potential interdisciplinary characterisation methods

Porous materials in other research fields
First, it may be useful to examine how biological scaffolds fit into the broader picture of porous materials research. Figure 6 shows a representation of the various different categories of porous material. As can be seen, these materials are used in a variety of applications, from porous catalysts to load bearing components.
As well as according to the proportion of open porosity, these different porous media may be classified as either structural or functional (see also Fig. 7) . 100, 101 Structural foams often contain closed pores, as openings within the pore walls can act as mechanical defects. 68 In functional porous materials, the pore surfaces and pore accessibility are most relevant. 69 By classifying tissue engineering scaffolds according to this functionalstructural scale, it may be seen which research fields could contain the most appropriate characterisation techniques in relation to tissue engineering. It may be seen from Fig. 6 that biomedical implants were originally categorised as structural materials rather than functional. This suggests a material that is designed to be inert in response to the body. However, modern use of the term 'biomedical materials' actually refers to materials that elicit a more active response from the body. 70 Mechanical stability is still required, but this is often true of a porous material whether or not the primary function is structural. 71 It seems that tissue engineering scaffolds fit most closely into the open pore, functional end of the porous material spectrum, and as 
Potentially transferable techniques
Three key areas of porous materials research have been identified that may hold promise for enhancing the characterisation potential of tissue engineering scaffolds: filtration research, cement and concrete, and porous rocks as studied by geoscience. These areas are all characterised by a focus on characterising porous architecture with reference to the overall connectivity properties of the structure.
Filtration: pore size
The connectivity of the pore space often leads to difficulties in definition of discrete pore volumes. Filtration research contains two possible solutions to this difficulty. The first of these, developed by Lin et al., 72 uses a micro-CT dataset to measure pore size as a function of connection size. This is based on the same erode and dilate functions as shown in Fig. 2 : their successive use is able to break narrow pore connections. If two initially connected pores are separated after a dilation and successive erosion, then the average volume per pore will decrease, while the total number of pores increases. Since the number of dilation and erosion steps used will determine the minimum interpore connection size, a pore size histogram will change depending on the number of erode and dilate operations carried out. This is particularly important for tissue engineering, as it may provide a method for examining the effective pore size distribution as a function of the size of the cell inhabiting the scaffold. Figure 8 shows a typical pore size histogram after such an operation. The histogram is truncated at 100 mm, indicating that this is the pore size distribution that would be encountered by an invading object of 100 mm in size.
The second approach is based on the physical movement of a fluid through the structure. Mercury porosimetry and its limitations have already been mentioned, but there are other possibilities including capillary flow porometry and extrusion porosimetry, for which a wetting liquid is used instead. 39 These techniques are advantageous in that the pore sizes measured represent the physical pore sizes that will be encountered by an infiltrating object (e.g. a cell) in a hydrated scaffold. 17 They are established techniques in filtration research and, furthermore, are capable of making measurements in dynamic situations, as a function of direction through a material and also of permeability. 39 Since capillary flow porometry measures the most constricted part of each pore, while extrusion porosimetry measures the whole range of diameters, their combination may be the best approach to describe scaffold pore distributions most fully. 37 Capillary flow porometry in particular is beginning to be noticed by the tissue engineering community, 73 but the technique is still far from established in this field.
Cement and concrete: interconnectivity
Interconnectivity is a more complex parameter than is currently acknowledged in tissue engineering literature. In relation to cement and concrete research, Levitz 74 defines three levels of complexity in the architectural description of a porous material: the first level describes the whole material (porosity and SAV), the second the pore space (pore shape and size) and the third the topology of the pore/material interface (including interconnectivity). The topology of the pore/material interface is most readily measured from tomographic datasets. In the study by Promentilla et al., 75 micro-CT is used to produce a list of parameters that may be used to describe this, including some of those listed in Table 2 . One such parameter is tortuosity, which can be measured in each of the three dimensions of a scaffold. Crucially, many of these different concepts can be linked to each other by a 'formation factor'. 75 This factor is a description of the dependence of tortuosity on scaffold architecture (see Fig. 9 ) and has also been studied in relation to transport properties in tissue engineering. 76 It can be expressed as tortuosity normalised by porosity, but for many applications, it is more meaningful to normalise by effective porosity. 77 The use of this parameter is promising in that it combines more than one aspect of scaffold interconnectivity, and normalisation by different categories of porosity may provide a comparison between scaffold accessibility to oxygen diffusion, nutrient transport and cell migration.
Porous rock structures: percolation
The above method for interconnectivity requires measurement of effective porosity. This is a key concept in percolation theory, which is a very commonly used approach for studying transport properties in geoscience. 78, 79 In a 3D
representation of a porous material, there will be continuous groups or 'clusters' of pore space voxels that form pathways through the structure. For a constant structure, the size of the largest cluster will increase with porosity. When a cluster approaches the size of the porous object, so that it is in contact with both surfaces, this cluster is said to be 'percolating'(see Fig. 10 ). 80 In other words, it becomes classified as open porosity rather than blind or closed porosity. Effective porosity should be calculated as the volume of all the percolating pore space clusters normalised by the total scaffold volume. 75 This also gives rise to the concept of 'percolation threshold', which is the minimum porosity at which a cluster big enough to connect both sides of a structure exists. 80 The lower the percolation threshold, the more intrinsically connected the structure (a connective cluster exists even when the total porosity is reduced to low values). The value of this percolation threshold may be key in describing the topology of the pore space: since different arrangements of pore space and solid material have been shown to give different percolation thresholds. 81 To determine the percolation threshold, constant structures of varying porosity are required, in order to determine the minimum porosity to contain a percolating cluster. This may be achieved by applying erode and dilate operations to an existing micro-CT dataset: erosion of a pore wall will increase the porosity but maintain the same structure. 80 This method provides a quantitative measurement of interconnectivity, suitable for comparison and ranking of tissue engineering scaffold structures. 82 However, it is important to consider data scalability. As shown by Sotta and Long, 81 the percolation threshold will change depending on the dimensions of the sample measured. The result of this is that a small scaffold sample may appear to be fully interconnected, but a larger sample may actually have effectively lower interconnectivity. However, percolation theory contains the tools to scale up measured values from small samples and determine their values in bigger samples. The comprehensive paper by Liu et al. varying classes of porous materials from sandstone to bread.
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Percolation may also be examined in different directions. 81, 83 This is particularly relevant for anisotropic tissue engineering scaffolds, for instance where pore channels are favoured in order to enhance directional cell invasion. It should be noted that, for soft systems, the percolation threshold should not be considered as a limit, but as a transition between two types of movement e.g. initiation of matrix remodelling by invading cells. 24, 84 In combination with directional measurements of tortuosity, however, this approach has promise for providing a rigorous description of the connectivity characteristics of tissue engineering scaffolds.
Benefits and limitations
From the discussion above, it seems that other areas of porous materials research might hold clues to the development of at least some of the key areas identified in the above sections. The potential of these borrowed techniques should now be assessed in terms of their ease of implementation and transferability to tissue engineering research.
Since many of the suggested techniques require the use of a micro-CT dataset, the limitations of micro-CT as a technique must be considered. Although 3D image data can be preferable to 2D images when available, there are several intrinsic limitations to the technique. Porosity is often observed to increase as resolution increases, surface areas are often overestimated and a segmentation process is required to define which pixels/ voxels represent pore space, and which represent solid material. 85 The simplest segmentation method is a threshold intensity value, whereas other methods detect edges using texture or brightness as indicators of change. 5 A study by Kline and Ritman 51 compared several methods and observed that measured pore diameter does have a slight dependence on the segmentation method chosen.
However, such segmentation errors are intrinsic to all imaging or tomographic techniques. 86 This means that micro-CT is still a favourable choice when direct image data are required. Therefore, a combination of micro-CT based techniques, and indirect techniques that are more focussed on characteristic lengths relevant to motion through the scaffold (such as capillary flow porometry), might be the best approach to thorough characterisation. In terms of defining pore sizes, both methods described in the section on 'Filtration: pore size' examine pores while simultaneously considering the connectivity of the system. The advantage of this is that there is much less confusion as to which part of the pore is being measured, since the pore size in each case relates to a given application.
In terms of interconnectivity measurements, percolation threshold is a scalable quantity describing the accessibility of scaffold pore space. However, the limitation when compared to techniques such as those by Moore et al. 52 and Fostad et al. 54 is that it does not describe pore interconnectivity as a function of connection size. Although descriptions of interconnectivity in terms of single voxel pathways are important, they are limited in that they do not indicate how easily a larger object, such as a cell, may invade a structure. A recent paper by Saxton 84 gives some potential insight into this problem. One approach is to consider the excluded volume, or the volume of pore space that cannot be occupied by an object of given size. 87 Figure 11 shows that plotting excluded volume against object size produces a very similar graph to those presented by Lemon et al., 66 with the important difference that the values are scalable. The approach is slightly less intuitive, however, as it does not describe pore accessibility from the outer surfaces of a scaffold. The concept of 'percolation diameter' is therefore introduced. This can be defined as the diameter of the largest particle for which a percolating path through the entire structure exists. Percolation diameter has vast potential for the characterisation of tissue engineering scaffold connectivity, since it has the following key benefits: (i) it is readily calculable using very similar techniques to Moore et al.
(ii) it provides a single value that succinctly describes the connectivity properties of a scaffold (iii) being based on percolation theory, the quantity is intrinsically scalable. The one key problem area that remains is the measurement of pore strut arrangement. This is an important parameter in determining the ability of cells to attach to scaffold walls, as well as affecting scaffold permeability. 22 The resolution of a micro-CT dataset is not quite sophisticated enough to allow detailed visualisation of pore struts, and dynamic techniques such as flow porometry are not currently able to make direct measurements of strut arrangement. It is therefore time to turn back to the original application and assess whether the insights gained from other areas of porous materials research are able to guide the future of tissue engineering scaffold characterisation.
Limitations and future directions Tissue engineering environment
A discussion of the benefits of techniques such as tomography is all very well, but it is important to consider the applicability of measurement techniques in laboratory conditions to the actual behaviour of a scaffold in vivo. There are three key considerations to be made here. First, and perhaps most obviously, the pore spaces will not be filled with air, but with cells and biological fluids. This means that the scaffold may well have a different morphology in vivo if the structure is strongly dependent on hydration. Second, the acidic conditions, hydration and possibility of proteolytic remodelling by invading cells will lead to eventual degradation of the scaffold. 88 This is a problem in that such parameters as pore size, SAV and porosity can be affected during degradation. 3, 89 Finally, since the scaffold will be inhabited by cells, the properties of a scaffold with respect to cell response should be considered. Part of this will be included in the effect of scaffold degradation, but another aspect is the effect of pore struts on cell behaviour in a hydrated scaffold. In addition, cells in a wound site will exert contractile forces on the scaffold material. 90, 91 Therefore, the response of scaffold architecture to deformation should also be considered carefully.
Micro-CT is increasingly used for measurements of architecture in response to deformation. 85 The change in morphology during loading, failure mechanisms and strain distributions may be ascertained using this technique. 92 However, while micro-CT can be carried out in the wet state for some materials, 93 there is a limitation in that the X-ray attenuation from water will be very similar to that of natural polymers. The ideal characterisation technique would share the 3D visualisation capacity of micro-CT, but have the additional capability to image hydrated scaffolds, with particular focus on the strut arrangement, and also be able to record the changes in architecture during the processes of degradation and mechanical deformation.
Although not yet fully established, techniques do exist in the literature that may eventually allow these considerations to be fully accounted for, and these will now be examined.
Existing solutions
A very simple measurement of the effect of scaffold hydration can be made by studying the swelling behaviour of scaffolds in various physiological fluids. 94, 95 From this type of measurement, estimations of the effect of hydration on parameters such as pore size can be made. However, this relies on assumptions such as homogeneous swelling, and so direct observation of the effect of hydration would be preferable. One possible technique to allow this is environmental SEM (ESEM). This technique is very similar to conventional SEM, with the important distinction that wet and insulating samples may be imaged without prior specimen preparation. This is achieved by maintenance of a low pressure gas (often water vapour) around the sample, to provide positive ions by gas electron collisions, compensating for charge build-up on the material surface. 96 This technique has already been used for pore size measurements in tissue engineering scaffolds, 8 but the disadvantage is that it is a 2D technique, so the range of parameters that may be measured is limited.
Another approach might be to combine 2D measurements from ESEM with dynamic measurements of scaffold architecture. For instance, the approach taken by Sell et al. 32 involved pore and fibre size measurements of electrospun scaffolds first from image analysis (SEM) and second by calculation from permeability experiments. On comparison of the results from these two techniques, the fibre diameters gave very similar results, indicating the reliability of the permeability measurements. However, pore size measurements were different, indicating that there are differences between the pore dimensions that may be measured from image analysis and the physical pore dimensions that may be encountered in a fluid transport scenario. This further suggests that a combination of physical measurements and image based analysis is needed to characterise a tissue engineering scaffold completely.
There is a remaining problem, which is the lack of a method to measure 3D scaffold architecture in a hydrated or dynamic state. However, there is such a technique, albeit more commonly used for observation of cell behaviour. Confocal microscopy is an optical technique that involves the use of an hourglass shaped beam (illuminating only a small volume of the sample) and a pinhole to select only the required part of the returning beam. 86 In this way, both lateral and vertical resolution can be controlled, and 3D visualisation of a scaffold may be achieved as seen in Fig. 12 , by optically sectioning at successive heights. 31 The main limitation is the relatively low z-extent possible, compared with the image dimensions available in the x and y axes. 86 Bagherzadeh et al. 73 provided an advance in this technique, by incorporating commercially available quantum dots as part of the scaffold fabrication process from polymer solution. This allowed more efficient visualisation of the scaffold by confocal microscopy, due to the fluorescence properties of the dots. The 3D dataset obtained was then used to measure pore and interconnect sizes, along with interconnectivity and porosity, by image analysis. As for the approach by Sell et al., 32 these measurements were combined with those from physical pore size measurements, in this case from capillary flow porometry, in order to present a complete view of the scaffold properties.
The advantages of confocal microscopy for examining scaffold architectures are numerous. First, the scaffold may readily be imaged in a hydrated state, allowing the pore and strut arrangements that will exist in vivo to be more accurately predicted. Second, the changes in architecture during scaffold degradation, such as porosity, pore size and tortuosity, may be successfully measured using this technique. 31 Third, since the technique is already primarily used to investigate the behaviour of cells, the effect that these cells have on scaffold architecture and vice versa may also be examined.
Confocal microscopy may also be used to measure pore strut alignment and orientation, although such methods are only implemented by the occasional study. 57 However, there are numerous accounts of the use of confocal microscopy to measure the orientation of cells or of newly formed tissue within a scaffold, 23, 97 and there is no reason why these methods could not also be used to assess the scaffold strut arrangement. This approach is often based on an image analysis technique such as fast Fourier transform. 23, 98 The current limitation of this technique, as with so many others, is that there is no standardisation in the quantification of orientation or alignment. The idea of an orientation index to describe scaffold orientation with the use of just one numerical value is promising, but different authors define this in different ways. 6, 23 Many authors give only a graphical representation of tissue orientation 103 (an example is given in Fig. 13 ), but at least this approach is unambiguous in interpretation.
One disadvantage of confocal microscopy is the low penetration depth, or z-extent of the imaging process. Emerging optical techniques may hold the key to this problem. Non-linear optical microscopy, or multiphoton microscopy, is a field of research based on the fact that more than one photon interacting within a molecule in a short time period gives a power law increase in the available signal. 50 The resulting high photon density in the focal volume gives an intrinsic pinhole effect, making the technique analogous to confocal microscopy. Figure 14 gives some examples of images obtained using this technique. The key advantage is that depths .100 mm can be observed. 104 This opens up the possibility of multiphoton microscopy as a future technique for obtaining 3D image datasets of tissue engineering scaffolds in the hydrated state, with the additional option of imaging during dynamic processes such as degradation, cell seeding and even new tissue formation. 99, 102 This must be a long term goal, however, due to the current lack of availability and high cost of such systems.
Requirements for future
At the start of this report, four key areas of architectural characterisation were identified, in which tissue engineering research is limited by a lack of standardisation. It has now been demonstrated that the solutions to many of these problems already exist: the issue now is making them more mainstream.
The wide variety of available measurement techniques is not necessarily a problem, so long as it is always acknowledged exactly what characteristic is being defined. In terms of pore size measurement, image analysis will tend to measure the macropore diameter: whether this is measured from an SEM image, a confocal image or a slice from a micro-CT dataset. On the other hand, indirect measurements such as capillary flow porometry will instead measure the constrictions to fluid flow. It is suggested that both approaches are equally valid, but emphasised that they are not interchangeable. A thorough characterisation of a scaffold will include both image analysis and physical pore size measurements.
This dual approach also allows measurement of other parameters simultaneously. From a physical measurement, it is possible to measure permeability. From a 3D tomography dataset, it is possible to measure the interconnectivity characteristics of the scaffold, such as percolation diameter. Currently, the best choice for tomography is micro-CT, but as multiphoton microscopy becomes more widely available, it is hoped that this technique will develop into a more flexible alternative, in order to allow dynamic architectural measurements to be taken.
Conclusions
The link between scaffold architecture and cell response is still far from being completely understood. However, by standardisation of architectural characterisation, a a segmented solid phase; b skeletonised solid phase; c skeletonised pore space; d percolating path of pore space voxels 12 Processing of tomographic dataset obtained using confocal microscopy (reprinted from Ref. 82 with permission from Elsevier) more thorough understanding of how to influence cell behaviour can certainly be achieved. There are various steps that should now be taken in pursuit of this goal: 1. the development of better awareness of the link between measurement technique, measured properties and their scalability 2. emphasis on the combination of indirect (physical) and direct (image-based) measurement techniques 3. further research into the most promising future techniques for 3D image acquisition, such as multiphoton microscopy, allowing better characterisation of scaffold responses to dynamic conditions. If the above conditions are satisfied, then the ability to identify the ideal scaffold architecture for any desired biological application becomes a realistic prospect.
